A simple one-step method to encapsulate Ni (II) into the pore channels of AlPO-5 molecule sieve was developed by using nickel-amine complexes as templating agent for synthesis of Ni(deta)2-AlPO-5. The Ni (II) occluded in the pores can be directly reduced by reducing gases in situ generated from the decomposition of nickel-amine complexes in AlPO-5 during heat treatment. The resulted catalyst has ultra-small Ni clusters highly dispersed into the pore channels, showing a high selectivity for 1,2-propanediol in the hydrogenolysis of glycerol.
Introduction
Zeolites have potential application in a wide range of aspects such as gas storage and separation, heterogeneous catalysis [1] . Much work regarding the utilization of zeolites as supports for metal clusters have been reported for catalytic reaction, the involved methods include liquid phase [2] and vapor phase [3] impregnation method, ion exchange with zeolites [4] . However, loading metal nanoclusters into the pores of zeolites is not a straightforward task, such difficulty originates from the microstructure of zeolites, leading to the preferable deposition of metal precursors on the outer surface.
Recently, trapping metal clusters within the pore of zeolites has aroused great 2 attention as a way to enhance its dispersion and obtain the superior properties [5] [6] [7] .
For example, Liu et al. [8] reported a strategy to load subnanometric Pt species within zeolite (Pt@MCM-22) during the growth of a two-dimensional zeolite into three dimensions. Wang et al. [9] reported a highly-dispersed and ultrasmall Pd clusters in silicalite-1 zeolite with superior catalytic activity under hydrothermal conditions using Pd-amine complex as precursor.
AlPO-5 as a typical aluminophosphate molecular sieve has 12-ring pore with 0.73 nm pore diameter, and high thermal stability (>500 o C) [10] . These features make AlPO-5 a very appropriate candidate for the encapsulation of active species for catalytic applications [3] , however, encapsulating nanoclusters within AlPO-5 cannot be achieved by post-synthesis ion exchange owing to the difficulty of the neutral framework itself.
Herein, we report a facile route to obtain Ni nanoclusters within the porous of AlPO-5 (see Supporting Information for more experimental details). As shown in To verify the valence state of Ni species in AlPO-5 after heat-treatment, XPS analysis on Ni@AlPO-5 was performed. As shown in Figure S2 , the binding energy of Ni 2P3/2 and Ni 2P1/2 for Ni@AlPO-5 were located at around 852.8 eV and 870.2 eV respectively, corresponding to the characteristic peaks of zero-valent Ni species.
XPS results show that most of the Ni (II) ions in AlPO-5 could be reduced during the heat treatment under N2 atmosphere.
To better understand the reduction process of Ni (II) ions during the heat treatment under N2 atmosphere, TG-MS analysis was employed to detect low molecular weight gas products decomposed from the nickel-amine complexes occluded in the pore 4 channels of Ni(deta)2-AlPO-5. There is an obvious weight loss of about 7 wt% between 400 and 470 o C companied with endothermic peak (Figure S3a ), corresponding to the decomposition of nickel-amine complexes. It should be noted that some low molecular weight gas such as H2, CH4 and C3H9N could be detected within this temperature range as shown in Figure S3b . It could be expected that the Ni (II) ions in the pore channels can be reduced by the reducing gases in situ generated from the nickel-amine complexes as shown schematically in Figure 1 .
The Ni distribution was studied using TEM. As shown in Figure 3 , two kinds of Ni species can be found on the support: i) relatively larger particles that are about 20 nm in size. These are the minority species and they are likely to be exposed to the surface, as some of the particles are found to be on the edge of the support (highlighted via a black arrow); ii) the majority of the Ni species are smaller particles around 5 nm in size, as highlighted by white arrows in Figure 3 It should be noted that these smaller Ni particle size observed on TEM images for Ni@AlPO-5 is larger than the pore size of the AlPO-5 (0.73nm). Therefore, some breakage of the framework can be expected, which may give Ni particles access to the reactant. However, such breakage is limited, as Ni@AlPO-5 catalyst still has a typical AFI framework type as confirmed by XRD pattern (Figure 2) . The organic species occluded in the pore channels have been completely removed during the heat treatment, which was verified by the comparison of TG analysis and FT-IR between the Ni(deta)2-AlPO-5 and Ni@AlPO-5 samples ( Figure S4 and S5) . However, the Hydrogenolysis of glycerol was selected as probe reaction to investigate the activity of studied samples (Table S1 ). It was found that 1,2-PDO is the main product probably be achieved owing to the pore confinement effects.
Conclusions
In conclusion, we have developed a facile strategy for the preparation of Ni@AlPO-5 catalyst with small Ni clusters located in the pore structure of AlPO-5.
The Ni(II) ions could be in situ reduced by reducing gases generated from the organic precursors during the heat treatment, which gives high dispersion of Ni within the pore channels of the support. This approach adopted is envisaged to open a new opportunity in the development of highly active heterogeneous catalysts for advanced catalysis application.
